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LOW TEMPERATURE CNT GROWTH USING
GAS-PREHEAT METHOD

STATEMENT OF RELATED APPLICATTONS

[0001] This application claims priority to U.S. Provisional
Application No. 61/155,935 filed Feb. 27, 2009, which 1s

incorporated herein by reference 1n 1ts entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMEN'T

[0002] Not applicable.
FIELD OF INVENTION
[0003] The present invention relates in general to a system,

method and apparatus for the continuous synthesis of carbon
nanotubes.

BACKGROUND

[0004] Carbon nanotubes (“CNTs”) exhibit impressive
physical properties. The strongest CNTs exhibit roughly
cighty times the strength, six times the toughness (i.e.,
Young’s Modulus), and one-sixth the density of high carbon
steel. Hence, developing CN'Ts within composite materials
having these desirable properties 1s of signmificant interest.
[0005] A composite material 1s a heterogeneous combina-
tion of two or more constituents that differ in form or com-
position on a macroscopic scale. Two constituents of a com-
posite mclude a remnforcing agent and a resin matrix. In a
fiber-based composite, the fibers act as a reinforcing agent.
The resin matrix keeps the fibers in a desired location and
ortentation and also serves as a load-transfer medium
between fibers within the composite. Due to their exceptional
mechanical properties, CNTs are used to further reinforce the
fiber in composite materials.

[0006] To realize the benefit of fiber properties with a com-
posite, a good interface between the fibers and the matrix
should exist. This can be achieved through the use of a surface
coating, typically referred to as *““sizing.” The sizing provides
a physio-chemical link between the fiber and the resin matrix
and has a significant impact on the mechanical and chemical
properties of the composite. The sizing can be applied to
fibers during their manufacture. Generally, conventional
CNT synthesis has required high temperatures in the range of
700° C. to 1500° C.

[0007] However, many fibers and sizings on which CNTs
are to be formed are adversely affected by the high tempera-
tures generally required for CNT synthesis in conventional
processes. Alternative methods and systems for providing
low temperature in-line CNT synthesis are desired.

SUMMARY OF THE INVENTION

[0008] According to an aspect of the present invention, a
method for synthesizing carbon nanotubes (CNT) comprises
the steps of providing a growth chamber, the growth chamber
being heated to a first temperature suiliciently high to facili-
tate a growth of carbon nanotubes; passing a substrate
through the growth chamber; and introducing a feed gas into
the growth chamber pre-heated to a second temperature sui-
ficient to dissociate at least some of the feed gas into at least
free carbon radicals to thereby initiate formation of carbon
nanotubes onto the substrate.
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[0009] According to another aspect of the present mnven-
tion, a method for synthesizing carbon nanotubes (CNT)
comprises the steps of providing a growth chamber, the
growth chamber being heated to a first temperature; passing a
substrate through the growth chamber; providing a feed gas
pre-heated to a second temperature; and introducing into the
growth chamber the pre-heated feed gas wherein the second
temperature 1s selected to achieve a desired temperature pro-
file within the growth chamber to allow for the formation of
carbon nanotubes on the substrate.

[0010] According to still another embodiment of the
present invention, a system for synthesizing carbon nano-
tubes (CNT) comprises a growth chamber that receives a
substrate having a catalyst disposed thereon; a heater for
heating the growth chamber to a first temperature, the first
temperature sufliciently high to facilitate a growth of carbon
nanotubes on the substrate; and a gas pre-heater that heats a
feed gas to a second temperature and introduces the feed gas
into the growth chamber to synthesize carbon nanotubes on
the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 1s a schematic diagram of a system for low
temperature CNT growth using gas pre-heat, according to an
embodiment of the invention;

[0012] FIG. 2 1s a schematic diagram of a system for low
temperature CNT growth using gas pre-heat, according to
another embodiment of the invention;

[0013] FIG. 3 illustrates exemplary components of the sys-
tem of FIG. 2, according to an embodiment of the invention;

[0014] FIG. 4 1illustrates a schematic perspective view of
the growth chamber of FIG. 3, according to an embodiment of
the invention;

[0015] FIG. 5 1llustrates a cross-section view of the growth
chamber of FIG. 3, according to an embodiment of the mnven-
tion;

[0016] FIG. 6A 1s a process tlow chart for a method for

growing CN'T at low temperatures using gas pre-heat, accord-
ing to an embodiment of the invention;

[0017] FIG. 6B 1s another process tlow chart for a method
for growing CNT at low temperatures using gas pre-heat,
according to an embodiment of the mnvention;

[0018] FIG. 7 1s a schematic diagram of a system for low
temperature CN'T growth using gas pre-heat, according to yet
another embodiment of the invention;

[0019] FIG. 8 illustrates a schematic diagram of a gas pre-
heater layout according to an embodiment of the present
imnvention;

[0020] FIG. 9 illustrates a schematic diagram of a gas pre-
heater layout according to another embodiment of the present
invention;

[0021] FIG. 10 illustrates a schematic diagram of a gas

pre-heater layout according to still another embodiment of
the present invention;

[0022] FIG. 11 1illustrates a schematic diagram of a gas
pre-heater layout according to yet another embodiment of the
present invention;

[0023] FIG. 12 illustrates a schematic diagram of a gas
pre-heater layout according to still another embodiment of
the present invention; and
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[0024] FIG. 13 1llustrates a flow chart of a system for pro-
ducing a CN'T infused fiber according to an embodiment of
the present invention.

DETAILED DESCRIPTION

[0025] The present invention relates in general to a system,
method and apparatus for the continuous synthesis of CNTs.
CNTs can be advantageously synthesized on a variety of
substrates to produce carbon nanotube-infused (“CNT-1n-
tused”) substrates. The imnfusion of CNTs to a substrate can
serve many functions including, for example, as a sizing
agent to protect against damage from moisture, oxidation,
abrasion, and compression. A CN'T-based sizing can also
serve as an interface between the substrate and a matrix
material 1n a composite. The CNT's can also serve as one of
several sizing agents coating the substrate. Moreover, CNT's
infused on a substrate can alter various properties of the
substrate, such as thermal and/or electrical conductivity, and/
or tensile strength, for example. The processes employed to
make CNT-infused substrates can provide CNTs with sub-
stantially uniform length and distribution to impart their use-
tul properties uniformly over the substrate that 1s being modi-
fied. Furthermore, the processes disclosed herein can
generate CNT-infused substrates of spoolable dimensions.
[0026] The system and method disclosed herein also make
it possible to use various sizing and substrates such as pol-
yaramid fibers including Kevlar, which cannot withstand high
operating temperatures utilized 1n some conventional carbon
nanotube synthesis processes. In addition, the system and the
method of this invention can allow an inexpensive substrate to
be used for the formation of composite material infused with
CNTs due at least 1in part to the relatively low temperature 1n
the growth chamber. A further advantage of the present sys-
tem and method 1s that continuous synthesis of CNT's can be
obtained by proper regulation of the pre-heated feed gas flow
rate, carbon concentration, substrate feed rate, the tempera-
ture ol the growth chamber, and the pre-heated feed gas
temperature, facilitating mass production of composite mate-
rials with CNTs. The continuous synthesis process can be
carried out on a dynamic substrate, e.g., a substrate entering a
growth cavity through an inlet, traversing through the growth
cavity and exiting from an outlet of the growth cavity. In some
embodiments, the process gas 1s pre-heated in an external
heater and the feed gas 1s pre-heated by the pre-heated process
gas immediately prior to its introduction to the growth cham-
ber. This reduces the heat loss and the loss of free carbon
radicals resulting from their reaction with the surfaces of the
system components (e.g., forming soot on the process equip-
ment).

[0027] The processes described herein allow for the con-
tinuous production of CNTs of uniform length and distribu-
tion along spoolable lengths of tow, tapes, fabrics and other
3D woven structures. While various mats, woven and non-
woven fabrics and the like can be functionalized by processes
of the mvention, 1t 1s also possible to generate such higher
ordered structures from the parent tow, yarn or the like after
CNT {functionalization of these parent materials. For
example, a CNT-infused woven fabric can be generated from
a CNT-infused fiber tow.

[0028] The term “‘substrate” 1s intended to include any
material upon which CNTs can be synthesized and can
include, but 1s not limited to, a carbon fiber, a graphite fiber, a
cellulosic fiber, a glass fiber, a metal fiber, a ceramic fiber, an
aramid fiber, or any substrate comprising a combination

Sep. 2, 2010

thereof. The substrate can include fibers or filaments
arranged, for example, 1n a fiber tow (typically having about
1000 to about 12000 fibers) as well as planar substrates such
as fabrics, tapes, or other fiber broadgoods, and materials
upon which CNT's can be synthesized.

[0029] As used herein the term “spoolable dimensions™
refers to substrates having at least one dimension that 1s not
limited 1n length, allowing for the material to be stored on a
spool or mandrel. Substrates of “spoolable dimensions™ have
at least one dimension that indicates the use of either batch or
continuous processing for CN'T infusion as described herein.
One substrate of spoolable dimensions that 1s commercially
available 1s exemplified by AS4 12 k carbon fiber tow with a
tex value of 800 (1 tex=1 g/1,000 m) or 620 yard/lb (Gratfil,
Inc., Sacramento, Calif.). Commercial carbon fiber tow, 1n
particular, can be obtained 1 35, 10, 20, 50, and 100 1b. (for
spools having high weight, usually a 3 k/12K tow) spools, for
example, although larger spools may require special order.

[0030] As used herein, the term “carbon nanotube™ (CNT,
plural CNTs) refers to any of a number of cylindrically-
shaped allotropes of carbon of the tullerene family including

graphene, vapor grown carbon {ibers, carbon nanofibers,
single-walled CNTs (SWNTs), double-walled CNTs

(DWNTs), and multi-walled CNTs (MWNTs). CNT's can be
capped by a fullerene-like structure or open-ended. CNTs
include those that encapsulate other materials.

[0031] As used herein “‘umiform 1n length” refers to length
of CNTs grown 1n a reactor. “Uniform length™ means that the
CNTs have lengths with tolerances of plus or minus about
20% of the total CN'T length or less, for CNT lengths varying
from between about 1 micron to about 500 microns. At very
short lengths, such as 1-4 microns, this error can be 1n a range
from between about plus or minus 20% of the total CNT
length up to about plus or minus 1 micron, that 1s, somewhat
more than about 20% of the total CN'T length.

[0032] As used heremn “uniform in distribution™ refers to
the consistency of density of CNT's on a substrate. “Uniform
distribution” means that the CNTs have a density on the
substrate with tolerances of plus or minus about 10% cover-
age defined as the percentage of the surface area of the sub-
strate covered by CNTs. This 1s equivalent to £1500 CNT's/
um” for an 8 nm diameter CNT with 5 walls. Such a value
assumes the space iside the CNTs as fillable.

[0033] As used herein, the term “infused” means bonded
and “infusion” means the process of bonding. Such bonding
can 1nvolve direct covalent bonding, ionic bonding, pi-pi,
and/or Van der Waals force-mediated physisorption. For
example, 1n some embodiments, the CNTs can be directly
bonded to the substrate. Bonding can be indirect, such as the
CNT 1nfusion to the substrate via a coating and/or an inter-
vening transition metal nanoparticle disposed between the
CNTs and substrate. In the CN'T-infused substrates disclosed
herein, the CN'T's can be “infused” to the substrate directly or
indirectly. The particular manner in which a CNT 1s “infused”
to a substrates can be referred to as a “bonding motif.”

[0034] As used herein, the term “transition metal” refers to
any element or alloy of elements 1n the d-block of the periodic
table. The term “transition metal” also 1ncludes salt forms of
the base transition metal element such as oxides, carbides,
chlorides, chlorates, acetates, sulfides, sulfates, nitrides,
nitrates and the like.

[0035] As used herein, the term “nanoparticle” or NP (plu-
ral NPs), or grammatical equivalents thereof refers to par-
ticles sized between about 0.1 to about 100 nanometers in
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equivalent spherical diameter, although the NPs need not be
spherical 1n shape. Transition metal NPs, 1n particular, serve
as catalysts for CNT growth on the substrates.

[0036] As used herein, the term “feed gas” refers to any
carbon compound gas, solid, or liquid that can be volatilized,
nebulized, atomized, or otherwise fluidized and 1s capable of
dissociating or cracking at high temperatures mto at least
some Iree carbon radicals and which, 1n the presence of a
catalyst, can form CN'T's on the substrate.

[0037] As used herein, the term “free carbon radicals”
refers to any reactive carbon species capable of adding to the
growth of a CNT. Without intending to be limited by theory,
it 1s believed that a free carbon radical adds to the growth of a
CNT by associating with a CN'T catalyst on the surface of the
substrate to form a CNT.
[0038] Asusedherein, the term “sizing agent,” “fiber s1zing
agent,” or just “sizing,” refers collectively to materials used 1n
the manufacture of some substrates (e.g., carbon fibers) as a
coating to protect the integrity of substrate, provide enhanced
interfacial interactions between a substrate and a matrix
material 1n a composite, and/or alter and/or enhance particu-
lar physical properties of a substrate. In some embodiments,
CNTs infused to substrates can behave as a sizing agent.
[0039] As used herein, the term “material residence time™
refers to the amount of time a discrete point along a substrate
of spoolable dimensions 1s exposed to CNT growth condi-
tions during the CNT infusion processes described herein.
This defimition includes the residence time when employing
multiple CNT growth chambers.

[0040] As used herein, the term “linespeed” refers to the
speed at which a substrate of spoolable dimensions can be fed
through the CNT 1nfusion processes described herein, where
linespeed 1s a velocity determined by dividing CN'T chamber
(s) length by the material residence time.

[0041] Retferring to FIG. 1, there 1s illustrated a schematic
diagram of a system 100 for synthesis of CNT's using a low-
temperature process. According to some embodiments of the
invention, system 100 includes a growth chamber 110, a
heater 120, a substrate source 130, a feed gas source 140, a

process or carrier gas source 150, a gas pre-heater 160, and a
controller 170.

[0042] In some embodiments, growth chamber 110 1s an
open-air continuous operation, flow-through reactor. The sys-
tem can operate at or slightly above atmospheric pressure.
Growth chamber 110 includes a small volume cavity (not
shown) through which the substrate enters the inlet and exits
from the outlet continuously, thereby facilitating continuous
synthesis of CNTs on the substrate. The cavity can have a
rectangular, circular, oval or similar cross section based on the
s1ize and shape of the substrate passing through the growth
chamber. The volume of the growth chamber will be based, at
least in part, on the 1nitial and final size of the substrate as 1t
passes through the growth chamber, with consideration given
to the increase 1n the volume of the substrate based on the
synthesis of the CNTs. In some embodiments, the volume of
the growth chamber less than or equal to about 7000% of the
volume of the substrate being fed to growth chamber 110. A
substrate 1n the form of a fiber tow, for example, allows for a
continuous feed of substrate from an upstream substrate
source 130.

[0043] Growth chamber 110 can continuously receive a gas
mixture containing a feed gas and optionally a process (1.e., a
carrier gas) into the chamber cavity. Growth chamber 110 can
be formed by two vertical members 435, 445, as shown in
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FIG. 4, and two horizontal members 455, 465 (of FIG. 4),
arranged 1n a generally H-shaped configuration. Horizontal
members 455, 465 with vertical members 435, 445 define
small volume cavity 4235 through which substrate 3135 (of
FIG. 3) passes. In some embodiments, members 435, 445,
455, 465 are made of stainless steel. In other embodiments,
other metals and/or alloys can be used which can withstand
high operating temperatures, do not react with the elements
fed through cavity 425, and are generally impermeable to
these elements.

[0044] Growth chamber 110 can also continuously recerve
a substrate 3135 (of FIG. 3) 1n the form of a fiber, which can be
coated with sizing and/or catalyst particles, at a given rate
controlled by controller 170. The substrate can pass through
cavity 425, which can be maintained at a first temperature T1
by controller 170. Temperature T1 1s suificiently high to
enable the growth of CN'T's on the substrate but no so high as
to adversely impact the physical and chemical properties of
the substrate. In some embodiments, temperature 11 can be
suificiently high to remove any fiber si1zing. In other embodi-
ments, temperature T1 can be high enough to promote CNT
growth without damaging or removing the fiber sizing. By
way of example, cavity 425 can be maintained at a tempera-

ture of from about 450° C. to about 650° C.

[0045] Again referring to FIG. 1, heater 120 heats cavity
425 of growth chamber 110 and maintains the operational
temperature T1 of growth chamber 110 at a pre-set level.
Heater 120 can be controlled by controller 170. In some
embodiments, heater 120 can be controlled by a separate
controller, which can be linked to controller 170. Heater 120
can be any suitable device capable of maintaining the growth
chamber 110 at about operating temperature 1T1. In some
embodiments, heater 120 can comprise a heating coil con-
tained 1n each of horizontal members 455, 465. Horizontal
members 455, 465 are closely spaced to have a small gap
therebetween. Because the gap between horizontal members
4355, 465 1s small, the gap can be uniformly heated, without
any significant temperature gradient therein. Heater 120 can
heat the surfaces of horizontal members 455, 465, which 1n
turn can heat the gap therebetween. In some embodiments,
the gap between members 455, 465 can be about 5 millime-
ters (mm) to about 20 mm. In another embodiment, the gap
between horizontal members 455, 465 1s about 9.5 mm.

[0046] Substrate source 130 can be adapted to continuously
supply a substrate to growth chamber 110. The substrate can
include any of those materials listed above as being suitable
foruse as a substrate. In some embodiments, the substrate can
comprise E-glass fibers coated with a sizing material. In other
embodiments, the substrate can include other fibers, such as
inexpensive glass fibers and carbon fibers. In still other
embodiments, the substrate can be a aramide fiber such as
Kevlar. Fibers can be supplied 1n bundles, known as “tows.” A
tow can have between about 1000 to about 12000 fiber fila-
ments. In some embodiments, a fiber filament can have a
diameter of about 10 microns, although fiber filaments having
other diameters can be used. Fibers can also include a carbon
yarn, a carbon tape, a unidirectional carbon tape, a carbon
fiber-braid, a woven carbon fabric, a non-woven carbon fiber
mat, a carbon fiber ply, a 3D woven structure and the like.

[0047] In some embodiments, the substrate can be coated
with a s1zing. S1zing can vary widely in type and function and
can include, but 1s not limited to, surfactants, anti-static
agents, lubricants, siloxanes, alkoxysilanes, aminosilanes,
silanes, silanols, polyvinyl alcohol, starch, and mixtures
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thereol. Such sizing can be used to protect the CNT's them-
selves or provide further properties to the fiber not imparted
by the presence of the infused CNTs. In some embodiments,
any si1zing can be removed prior CNT synthesis. In some
embodiments, sizing removal can be achieved by thermal
means at first temperature T1.

[0048] The fibers supplied to growth chamber 110 from

source 130 can be coated with a catalyst to 1nitiate the syn-
thesis of CNTs. Such a catalyst can take the form of nano-
s1zed particles of a catalyst. The catalyst employed can be a
transition metal nanoparticle which can be any d-block tran-
sition metal as described above. In addition, the nanoparticles
(NPs) can include alloys and non-alloy mixtures of d-block
metals 1n elemental form or 1n salt form, and mixtures thereof.
Such salt forms 1include, without limitation, oxides, carbides,
chlorides, chlorates, acetates, sulfides, sulfates, nitrides,
nitrates and mixtures thereof. Non-limiting exemplary tran-
sition metal NPs include Ni, Fe, Co, Mo, Cu, Pt, Au, and Ag
and salts thereof. In some embodiments, such CNT-forming
catalysts are disposed on the substrate material by applying or
infusing a CNT-forming catalyst directly to the substrate
simultaneously with barrier coating deposition. Many of
these transition metal catalysts are commercially available
from a variety of suppliers, including, for example, Ferrotec

Corporation (Bedford, N.H.).

[0049] Without intending to be bound by theory, transition
metal NPs, which can serve as a CN'T-forming catalyst, can
catalyze CNT growth by forming a CN'T growth seed struc-
ture. In some embodiments, the CNT-forming catalyst can
remain at the base of the substrate and be infused to the
surface of the substrate. In such a case, the seed structure
initially formed by the transition metal NP catalyst 1s suili-
cient for continued non-catalyzed seeded CNT growth with-
out allowing the catalyst to move along the leading edge of
CNT growth, as often observed 1n the art. In such a case, the
NP serves as a point of attachment for the CNT to the sub-
strate. In some embodiments, the CNT growth catalyst can
tollow the leading edge of the growing nanotube. In such
cases, this can result 1 direct bonding of the CNTs to the
substrate. Regardless ol the nature of the actual bonding motif
formed between the CN'T's and the substrate, the infused CN'T
1s robust and allows the CNT-infused substrate to exhibit
carbon nanotube properties and/or characteristics.

[0050] The substrate can be coated with the catalyst prior to
entering growth chamber 110. The operation of disposing a
catalyst on the substrate can be accomplished by spraying or
dip coating a solution or by gas phase deposition via, for
example, a plasma process. In some embodiments, the sub-
strate can be coated with the catalyst by immersing the sub-
strate 1n a colloidal solution or a metal salt solution such as
iron nitrate. In other embodiments, the fibers can be passed
through nickel nitrate or cobalt mitrate metal salt solution.
Other catalyst solutions or applications can also be used. In
some embodiments, commercial dispersions of CNT-form-
ing transition metal nanoparticle catalyst are available and are
used without dilution, 1n other embodiments commercial dis-
persions of catalyst can be diluted. Whether to dilute such
solutions can depend on the desired density and length of
CNT to be grown. Catalyst solutions used for applying the
catalyst to the substrate can comprise any solvent that allows
the catalyst to be uniformly dispersed throughout. Such sol-
vents can include, without limitation, water, acetone, hexane,
1sopropyl alcohol, toluene, ethanol, methanol, tetrahydrofu-
ran (THF), cyclohexane or any other solvent with controlled
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polarity to create an approprate dispersion of the CNT-form-
ing catalyst nanoparticles. Concentrations of CNT-forming
catalyst can be 1n a range from about 1:1 to about 1:10000
catalyst to solvent.

[0051] Again referring to FIG. 1, feed gas source 140 1s 1n
fluid communication with gas pre-heater 160 and can be
controlled by controller 170. In another embodiment, gases
from feed gas source 140 and process gas source 150 are
mixed before the gas mixture 1s supplied to gas pre-heater

160.

[0052] The feed gas can be any carbon compound gas,
solid, or liquid that can be volatilized, nebulized, atomized, or
otherwise tluidized and 1s capable of dissociating or cracking
at high temperatures into at least some free carbon radicals
and which, in the presence of a catalyst, can form CNTs onthe
substrate. In some embodiments, the feed gas can comprise
acetylene, ethylene, methanol, methane, propane, benzene,
natural gas, or any combination thereof. In some exemplary
embodiments, when a feed gas comprising acetylene 1is
heated to a temperature T2 (e.g., between about 550° C. and
about 1000° C.) and fed into cavity 425 (see F1G. 4) of growth
chamber 110, at least a portion of the acetylene dissociates
into carbon and hydrogen 1n the presence of a catalyst on the
substrate. The higher temperature T2 facilitates rapid disso-
ciation of acetylene but may adversely impact the physical
and chemical properties of the substrate and/or any sizing
materials present. By heating the feed gas to the higher tem-
perature 12, external to growth chamber 110, while maintain-
ing the growth chamber at a lower temperature 11, the integ-
rity of the substrate and any sizing materials or other coatings
can be preserved during CNT formation.

[0053] The use of a feed gas such as acetylene can reduce
the need for a separate process of introducing hydrogen into
growth cavity 425 which can be used to reduce a catalyst
containing an oxide. The dissociation of a feed gas may
provide hydrogen, which can reduce the catalyst particles to
pure particles or at least to an acceptable oxide level. For
example, 11 the catalyst 1s an 1iron oxide, such an 1ron oxide
particle 1s not conducive to the synthesis of CNTs because the
carbon radicals from the feed gas can react with the oxide on
the substrate to form carbon dioxide and carbon monoxide
instead of forming CNTs. The chemical composition of the
oxide can further prevent the diffusion of free carbon radicals
through the catalyst particles thereby preventing or reducing
the growth of CNTs. This can reduce the amount of carbon
radicals available for the formation of CNT's and the growth
rate of CNTs. The hydrogen from acetylene effectively
removes the oxide from the catalyst particles on the substrate
and prevents the reaction of free carbon radicals with the
oxide.

[0054] A process gas can be used to remove oxygen, which
1s detrimental to the growth of CNTs, from growth cavity 425
(o1 FI1G. 4). If oxygen 1s present 1n growth cavity 4235 (of FIG.
4), the carbon radicals formed from the feed gas tend to react
with the oxygen to form carbon dioxide and carbon monox-
ide, instead of forming CNTs on the substrate. The process
gas can comprise any inert gas that does not detrimentally
impact the CN'T growth process. In some embodiments, the
process gas can include, but i1s not limited to, nitrogen,
helium, argon, or any combination thereof. In some embodi-
ments, the tlow rates of the feed gas and process gas are
controlled by controller 170. In some embodiments, the feed
gas can be provided 1n a range between about 0% to about
15% of the total gas mixture.
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[0055] One of ordinary skill 1in the art will recognize that
controller 170 can be adapted to independently sense, moni-
tor and control system parameters imncluding one or more of
substrate feed rate, first temperature, second temperature,
teed gas supply, and process gas supply. Controller 170 can be
an itegrated, automated computerized system controller that
receives parameter data and performs various automated
adjustments of control parameters or a manual control
arrangement, as 1s understood by one of ordinary skill in the
art.

[0056] In some embodiments as shown 1n FIG. 1, the feed
gas can be pre-heated 1n gas pre-heater 160 to a temperature
12 before 1t 1s introduced mto growth cavity 425 (o1 FIG. 4).
In some embodiments, T2 can range from about 550° C. to
about 1000° C. Gas pre-heater 160 1s external to growth
chamber 110 and operates to pre-heat the feed gas, process
gas, or a mixture of the feed gas and the process gas prior to
the introduction into growth chamber 110. Gas pre-heater 160
can be thermally i1solated from growth chamber 110 to pre-
vent unintentional heating of growth chamber 110. Gas pre-
heater 160 can be thermally insulated to prevent heat loss
from the heated gas or gas mixture to the environment. Gas
pre-heater 110 can comprise any device capable of heating a
gas to temperature 12. In some embodiments, gas pre-heater
160 can include, but 1s not limited to, resistive heat torches,
colled tubes heated inside a resistively heated ceramic heater,
induction heating, hot filaments 1n the gas stream, and 1nfra-
red heating.

[0057] Insome embodiments, some or all of the parts of the
gas pre-heater 160 can be constructed of metal, 1n particular
stainless steel. This use of metal, and stainless steel 1n par-
ticular, can lead to carbon deposition (1.€., soot and by-prod-
uct formation). Once carbon deposits to a monolayer on the
walls of the device, carbon will readily deposit over 1tsell.
This process can occur at an elevated rate 1n narrow passages
within the gas pre-heater. As a result, periodic cleaning and
maintenance can be employed to prevent any carbon deposi-
tion from obstructing the flow of the feed gas, process gas, or

both.

[0058] Retferring now to FIG. 8, there 1s illustrated an
embodiment of the pre-heater configuration. In the illustrated
embodiment, a diffuser 280 1s interposed between gas pre-
heater 160 and growth chamber 110 as part of gas manifold
606. In some embodiments, the feed gas and/or a combination
of the feed gas and the process gas enter gas pre-heater 160
through gas inlet 602. The gas then passes from the gas
pre-heater 160 to gas manifold 606 through conduit 604.
Conduit 604 can be msulated and constructed of an appropri-
ate material so as to withstand the temperature and conditions
of the pre-heated gas. An additional and optional gas inlet 610
can be provided 1n gas manifold 606 to allow additional teed
gas, process gas, or both to be combined with the heated gas
from gas pre-heater 160 to provide a desired gas mixture of
teed and process gas at a desired temperature, or flowrate to
growth chamber 110. The gas mixture in gas manifold 606
then passes from gas manifold 606 to growth chamber 110
through the diffuser 280. Diffuser 280 allows uniform distri-
bution of the gas mixture over a defined portion of the sub-
strate 1n growth chamber 110. In one configuration, diffuser
280 takes the form of a plate with uniformly distributed
apertures for gas delivery. As shown in FIG. 8, diffuser 280
extends along a selected section of growth chamber 110. In
another embodiment, diffuser 280 extends along the entire
length of growth chamber 110. In some embodiments, dii-
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fuser 280 1s positioned adjacent growth chamber 110 1n a
horizontal direction along vertical members 435, 445 (of FIG.
4). In some embodiments, diffuser 280 1s positioned adjacent
growth chamber 110 1n a vertical direction along horizontal
members 455, 465 (of FIG. 4). In yet another configuration,
gas pre-heater 160 can be mcorporated into diffuser 280. In
some embodiments, carbon deposits can occur within the gas
pre-heater since the carbon feedstock can break down during
heating. However, pre-heating of the feed gas and/or a com-
bination of the feed gas and process gas can ensure that the
teed gas 1s fully pre-heated and breaks down prior to entering
growth chamber 110.

[0059] Another embodiment of the pre-heater configura-
tion 1s shown in FI1G. 9. In this embodiment, the gas pre-heater
160 recerves a process gas through inlet 602 and heats the
process gas. The heated process gas then passes from the gas
pre-heater 160 to gas manifold 606 through conduit 604. A
teed gas 1s then combined with the heated process gas through
conduit 702. The feed gas can be at a temperature less than the
heated process gas and, in some embodiments, at ambient
temperatures. The combination of the heated process gas and
the feed gas can provide a gas mixture with a temperature of
12 prior to the mixture entering gas manifold 606 for distri-
bution to growth chamber 110. An additional and optional gas
inlet 610 can be provided 1n gas manifold 606 to allow addi-
tional feed gas, process gas, or both to be combined with the
heated gas from gas pre-heater 160 to provide a desired gas
mixture, temperature, or tlow rate to growth chamber 110.
The gas 1n gas manifold 606 then passes from gas mamiold
606 to growth chamber 110 through the diffuser 280. In some
embodiments using this configuration, the heating of the feed
gas can be delayed until near the point at which the feed gas
1s provided to growth chamber 110. This embodiment can
reduce the amount of carbon deposits forming within the gas
pre-heater 160 and on the associated equipment, thus reduc-
ing the amount and frequency of maintenance required.

[0060] FIG. 10 illustrates an exemplary embodiment of the
gas pre-heater. In this embodiment, gas pre-heater 160
receives a gas through an inlet 602. The gas then passes
through a coil 802 within the gas pre-heater 160. Coil 802 1s
heated due to a heating element supplying heat to the outside
of coil 802. In some embodiments, the heat supplied to coil
802 can be provided by a resistive heating element powered
by electrode 804. The entire gas pre-heater can be housed to
thermally 1nsulated the pre-heater from the outside environ-
ment. As the gas passes through coil 802, the gas 1s heated and
expands within the coil before passing out of the gas pre-
heater 160 through outlet conduit 604. The length of co1l 802
can be adjusted such that a desired residence time of the gas
1s achieved within the gas pre-heater 160 so that the gas
reaches the desired temperature. The residence time can be
determined based in part on the gas flow rate, the nlet tem-
perature, the outlet temperature, and the coil geometry (e.g.,
diameter, length). The coil can be constructed of a material
capable of withstanding the temperatures supplied by the
heating element. In some embodiments, the coil can be con-
structed of a metal or a metal alloy such as stainless steel. As
noted above, carbon deposits can form on metal surfaces
when the feed gas 1s heated above the dissociation tempera-
ture of the feed gas components. As such, periodic mainte-
nance can be employed to prevent a blockage from forming
within the coil. In some embodiments, a coating can be dis-
posed on surfaces subject to carbon deposits to prevent the
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carbon deposits from forming or building up. Suitable coat-
ings can include, but are not limited to, alumina, silica, and
magnesium oxide.

[0061] FIG. 11 1illustrates another embodiment of a gas
pre-heater. In this embodiment, gas pre-heater 160 receives a
oas through an 1nlet 602. The gas then passes through an
expansmn diffuser 806 within the gas pre-heater 160. Expan-
sion diffuser 806 comprises a plurality of expansion cavities
804 which receive the gas through an inlet orifice whereupon
the gas 1s expanded into the expansion cavity 804. Upon
heating, the gas expands and flows into the adjacent expan-
s1on cavity through an outlet orifice. In this manner, the gas
expands and flows through a series of expansion cavities 804
until the gas reaches the outlet conduit 604. The plurality of
expansion cavities 804 are heated due to a heating element
supplying heat to the expansion diffuser 806. In some
embodiments, the heat supplied to expansion diffuser 806 can
be supplied by a resistive heating element 808. The entire gas
pre-heater can be housed 1n an appropriate enclosure that 1s
thermally msulated from the outside environment. A desired
residence time of the gas can be achieved within the gas
pre-heater 160 so that the gas reaches a desired temperature
prior to or upon reachuing the outlet conduit 604. The resi-
dence time can be determined based 1n part on the gas flow
rate, the inlet temperature, the outlet temperature, and the
expansion diffuser geometry (e.g., expansion cavity dimen-
s10ms, the orifice geometry). The expansion diffuser 806 can
be constructed of a material capable of withstanding the tem-
peratures supplied by the heating element. In some embodi-
ments, the expansion diffuser can be constructed of a metal or
a metal alloy such as stainless steel. As noted above, carbon
deposits can form within the expansion diffuser due to the
heating of the gas 11 a feed gas 1s present. In this embodiment,
carbon deposits can form within the onfices between the
expansion cavities. As such, periodic maintenance can be
employed.

[0062] FIG. 12 illustrates still another embodiment of a gas
pre-heater. In this embodiment, a series of hot filaments 810
are distributed across the diffuser 280. The hot filaments 810
can be resistively heated coils or wires which can be heated to
a temperature above the desired preheat temperature 12 and
can be controlled by controller 170. The temperature of the
filament can be high enough so that the gas passing over the
filament can reach a desired temperature even when the gas 1s
in proximity to the filament for a short period of time. In some
embodiments, the hot filaments can be at a temperature of
about 1000° C. or greater, including about 1100° C., about
1200° C., about 1300° C., about 1400° C., and about 1500° C.
The feed gas, the process gas, or a mixture of the two can be
introduced to the gas manifold through one or more inlets
602. The gas can then spread across the width of the gas
manifold 1n part due to back pressure build up via the diffuser
280, pass over the series of hot filaments 810, through the
diffuser 280, and into the growth chamber 110. In this
embodiment, carbon deposition may be less likely to occur in
the manifold since gas i1s heated just prior to entering the
growth chamber. Other suitable pre-heater designs can also
be used with the processes and systems described herein.

[0063] In some embodiments, the gas pre-heater can be
used to raise the temperature of the feed gas, the process gas,
or a mixture of the feed gas and process gas to a temperature
12. In some embodiments, the temperature 12 can be high
enough to cause at least a portion of the feed gas to dissociate
or crack into at least some free carbon radicals prior to or at
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the 1nlet to the growth chamber. In such embodiments, the
temperature 12 can be above the temperature of the growth
chamber and substrate, T1. The lower temperature T1 allows
the substrate and/or any coating on the substrate (e.g., any
catalyst and/or any sizing present) to be protected from any
degradation that can occur at temperature T2. Thus the pre-
heating of the feed gas can allow for the production of a CN'T
infused substrate using substrates that would otherwise
degrade at CN'T elevated temperatures employed in conven-
tional CNT growth processes.

[0064] In some embodiments, the temperature T2 can be
near temperature T1 so that the introduction of the feed gas at
temperature 12 does not adversely affect the temperature
proiile within the growth chamber. In such embodiments, T2
can be within 25% of temperature 11, or alternatively, within
40% of temperature T1, either higher or lower. In this embodi-
ment, T2 can be a temperature ranging from about 400° C. to
about 1000° C. In some embodiments, the temperature T2 can
be adjusted 1n order to create a desired temperature profile or
gradient within the growth chamber, or T2 can be adjusted to

reduce any temperature gradients within the growth chamber
to create a more uniform temperature profile. For example, 12
can be adjusted to match the temperature of the growth cham-
ber at the point at which the feed gas enters the growth
chamber. Without intending to be limited by theory, 1t 1s
believed that controlling the temperature gradients within the
growth chamber to achieve a desired temperature profile can
help control the growth rate and properties of the CN'Ts onthe
substrate.

[0065] Now returming to FIG. 3, a system 300 1s illustrated
for synthesis of CNTs on a substrate at low temperatures.
System 300 includes a growth chamber 310, a growth cham-
ber heater 320, and four gas pre-heaters 360a, 3605, 360c,
360d. In the illustrated embodiment, two gas pre-heaters
360a, 3605 are positioned on one side of growth chamber 310
and two gas pre-heaters 360c¢, 360d are positioned on the
other side of growth chamber 310. Gas pre-heaters 360a,
360b, 360c, 3604 can comprise any of the configurations
disclosed herein. In an exemplary embodiment, gas pre-heat-
ers 360a, 36056, 360c, 3604 can be configured as ceramic
heaters with tube coils (not shown) positioned therein. In the
illustrated embodiment, the coils are made of approximately
nine (9) feet of stainless steel, through which the feed gas
and/or the mixture of the feed gas and the process gas flows
and becomes heated.

[0066] A gasmanifoldis centrally placed relative to growth
chamber 310 and includes a diffuser 280 for uniformly dis-
tributing the gas mixture 1n growth cavity 425 (o1 FI1G. 4). The
pre-heated feed gas and process gas mixture enters the gas
mamifold from gas pre-heaters 360a, 3606 and 1s allowed to
uniformly diffuse within growth chamber 310. Gas feed lines
340a, 34056 supply the gas mixture to the inlet of gas pre-
heaters 360a, 3605 respectively. Substrate 315 having a cata-
lyst disposed thereon 1s introduced at a given rate into the inlet
of growth chamber 310 where substrate 315 1s subject to
heating to a temperature T1 (e.g., between about 500° C. to
about 600° C.). At the same time, the preheated feed gas and
process gas heated to a temperature 12 (e.g., between about
550° C. to about 1000° C.) 1s introduced into growth chamber
310. At least some of the feed gas can dissociate to enable
CNT growth on the substrate. CN'T infused substrate 317 with
synthesized CNTs exits from growth chamber 310 at the
outlet. In some embodiments, the feed rate of the feed gas and
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process gas mixture 1s about 15 liters/sec to about 20 liters/
sec, both of which can be controlled by controller 170 (of

FIG. 1).

[0067] Retferring now to FIG. 5, there 1s 1llustrated a side
view ol growth chamber 310. Heaters 565, 567 are arranged
on the top and bottom side of H-shaped growth chamber 310.
Externally attached and thermally insulated modules 585,
587 provide respective mput and output thermal 1solation to
and from growth chamber 310. The modules 5835, 587 are
placed at terminal ends of the growth chamber to prevent the
hot gases 1inside the growth chamber from mixing with the
oxygen rich gas outside the growth chamber and creating
local oxidizing conditions that could adversely affect the
substrate entering or exiting growth chamber 310. A cool inert
gas, such as nitrogen, 1s supplied through ports 575, 577 at the
inlet and outlet of the growth chamber as a buffer between
growth chamber 310 and the external environment to prevent
unwanted hot gas mixing with the environment. The incom-
ing cool gas can enter a manifold with built in diffuser plate to
spread the cool gas over the corresponding modules.

[0068] Retferring now to FIG. 7, there 1s shown yet another
embodiment of a system 700 for synthesis of CNT's at low
temperature using a gas pre-heater. System 700 1s similar to
the embodiment of system 200 shown in FIG. 2 with the
following exception. In system 700, only the process gas 1s
pre-heated via an external heater to a higher temperature (for
example, at about 800° C.). The pre-heated process gas 1s then
mixed with the feed gas, which can be at a lower temperature
ranging {from about ambient temperature to about 250° C., in
diffuser 280. Thus, the feed gas 1s heated by the pre-heated
process gas immediately prior to 1ts mtroduction into growth
cavity 425 (of FI1G. 4) of growth chamber 110. In general, any
pre-heater design can be used to heat the process gas 1n this
embodiment, including those described above. An advantage
of delaying the pre-heating of the feed gas 1s that the cracking
(1.e., dissociating) of the feed gas does not commence until at
or near the mtroduction of the feed gas into growth chamber
110. If the feed gas 1s cracked earlier, the free carbon radicals
can react with the wall of diffuser 280, reducing the amount of

carbon radicals available for the growth of CNTs on the
substrate.

[0069] In FIG. 6A, a flow chart depicting a method for
synthesizing CNTs 1s 1llustrated. At block 610, a growth
chamber 1s provided and heated to a first temperature T1. The
first temperature T1 can be 1n the range of about 450° C. to
about 650° C. At block 620, a substrate 1s passed through the
growth chamber. Temperature 11 1s suificiently high to
encourage the synthesis of CNT's on a substrate that continu-
ously passes through the growth chamber 1n the presence of a
pre-heated feed gas that dissociates 1n the growth chamber
into at least free carbon radicals but not so high as to degrade
the substrate and/or any sizing disposed on the substrate. At
block 630, a feed gas 1s pre-heated to a second temperature T2
before being introduced 1nto the growth chamber. The second
temperature 12 can be 1n the range of about 550° C. to about
1000° C. Free carbon radicals are readily generated at such
temperatures. The feed gas may be heated using any of the
methods or devices described herein. For example, the feed
gas may be heated by mixing the feed gas with a process gas
heated to a temperature above T2 such that the mixture 1s ata
temperature 12 upon entering the growth chamber. The pre-
heated feed gas 1s introduced into the growth chamber where
the dissociated free carbon radicals assemble into CNTs on
the substrate when coated with appropriate catalyst particles.
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It has been indicated that the pre-heated feed gas elevates the
temperature ol the catalyst particles on the substrate, which
can enhance rapid CNT's synthesis through the bulk and sur-
face diffusion of carbon on the catalyst particles on the sub-
strate. The pre-heated gas, however, does not have suilicient
thermal energy to raise the bulk material temperature of the
substrate by any significant degree. Thus, the temperature of
the substrate and any optional sizing can be maintained below
its degradation temperature as the substrate fiber moves
through the growth chamber. In some embodiments, the tem-
perature 11 can be incompatible with the composition of the
substrate and/or sizing, but the rate and efficiency of the CN'T
growth 1s sufficient to reduce the residence time during which
the substrate 1s exposed to the elevated temperature T1.

[0070] FIG. 6B 1illustrates another flow chart depicting a
method for synthesizing CN'T's. At block 640, a growth cham-
ber 1s provided and heated to a first temperature T1. The first
temperature T1 can be 1n the range of about 450° C. to about
650° C. Temperature T1 may be suiliciently high to encour-
age the synthesis of CN'T's on a substrate continuously fed into
the chamber but not so high as to degrade either the substrate
and any optional sizing material coated on the substrate. At
block 650, a substrate 1s passed through the growth chamber.
Atblock 660, a feed gas 1s pre-heated to a second temperature
12 before being ntroduced into the growth chamber. The
second temperature T2 can be 1n the range of about 400° C. to
about 1000° C. The feed gas may be heated using any of the
methods or devices described herein. For example, the feed
gas may be heated by mixing the feed gas with a process gas
heated to a temperature above T2 such that the mixture 1s ata
temperature T2 upon entering the growth chamber. This tem-
perature may be suificient to obtain a desired temperature
proflle within the growth chamber. At block 680, the pre-
heated feed gas 1s 1ntroduced into the growth chamber to
achieve a desired temperature profile within the growth
chamber. CNTs can then form on the substrate to produce a
CNT infused substrate. At the temperature T2, the pre-heated
gas does not have suificient thermal energy to raise the bulk
material temperature of the substrate by any significant
degree. Thus, the temperature of the substrate and any
optional sizing can be maintained below its degradation tem-
perature as the substrate fiber moves through the growth
chamber.

[0071] An exemplary embodiment of the system will now
be described with reference to FIG. 3 and FIG. 4. Growth
cavity 425 has a rectangular cross-section and a volume of
about 0.2°7 cubic feet. Cavity 425 receives a substrate fiber
tow coated with an 1ron oxide catalyst obtained by passing the
fiber tow at about 1 {ft/min linespeed through a solution having
1 part (by volume) 1ron oxide nano-particles with a size of
about 8 nm 1n 200 parts hexane (by volume). The fiber tow
passes through growth cavity at a line speed of about 4 feet/
minute. Growth cavity 425 1s maintained at about 550° C. A
process gas and feed gas mixture of about 0.15 to 0.2 liters of
acetylene and about 15 to 20 liters of nitrogen 1s pre-heated to
a temperature ol about 650° C. The pre-heated gas 1s 1ntro-
duced into growth cavity 425 at arate of about 15.15 liters per
minute to about 20.2 liters per minute. The fiber tow continu-
ously output from growth cavity 425 exhibits CNTs in the
range ol about 1.0% to about 2% (load weight percentage). A
CNT infused substrate exits growth chamber 110 at the outlet
of cavity 425. The CNT-infused substrates can have CNTs
that are substantially uniform in length. In the process
described herein, the residence time of the substrate in CNT
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growth chamber 110 can be modulated to control CNT
growth and ultimately, CNT length. This provides a means to
control specific properties of the CNTs grown. CNT length
can also be controlled through modulation of the feed gas and
process gas flow rates and reaction temperature. Additional
control of the CNT properties can be obtained by controlling,
for example, the size of the catalyst used to prepare the CNTs.
For example, 1 nm transition metal nanoparticle catalysts can
be used to provide SWNTs in particular. Larger catalysts can
be used to prepare predominantly MWNTs.

[0072] Additionally, the CN'T growth methods and systems
described herein can provide a CNT-infused substrate with
uniformly distributed CNTs on the substrate. In some
embodiments, the maximum distribution density, expressed
as percent coverage, that 1s, the surface area of fiber covered,
can be as high as about 55% assuming about 8 nm diameter
CNTs with 5 walls. This coverage 1s calculated by consider-
ing the space inside the CNT's as being “fillable” space. Vari-
ous distribution/density values can be achieved by varying
catalyst dispersion on the surface as well as controlling gas
composition and process speed. Typically for a given set of
parameters, a percent coverage within about 10% can be
achieved across a fiber surface. Higher density and shorter
CNTs are usetul for improving mechanical properties, while
longer CN'Ts with lower density are useful for improving
thermal and electrical properties, although increased density
1s still favorable. A lower density can result when longer
CN'T's are grown. This can be the result of the higher tempera-
tures and more rapid growth causing lower catalyst particle
yields.

[0073] The CNT-1nfused substrates can include a substrate
such as a carbon filament, a carbon fiber yarn, a carbon fiber
tow, a carbon tape, a carbon fiber-braid, a woven carbon
tabric, a non-woven carbon fiber mat, a carbon fiber ply, and
other 3D woven structures. Filaments include high aspect
ratio fibers having diameters ranging in size from between
about 1 micron to about 100 microns. Fiber tows are generally
compactly associated bundles of filaments and are usually
twisted together to give yarns.

[0074] Processes of the invention for CN'T 1mfusion to sub-
strates allow control of the CN'T lengths with uniformaity and
in a continuous process allowing spoolable substrates to be
tunctionalized with CNT's at high rates. With material resi-
dence times 1n growth chamber 110 between 5 to 300 sec-
onds, linespeeds 1n a continuous process for a system that 1s 3
feet long can be 1n a range anywhere from about 0.5 {t/min to
about 36 1t/min and greater. In some embodiments, a material
residence time of about 5 to about 30 seconds can produce
CNTs having a length between about 1 micron to about 10
microns. In some embodiments, a material residence time of
about 30 to about 180 seconds can produce CNTs having a
length between about 10 microns to about 100 microns. In
st1l] further embodiments, a material residence time of about
180 to about 300 seconds can produce CNTs having a length
between about 100 microns to about 500 microns. One skilled
in the art will recognize that these ranges are approximate and
that CN'T length can also be modulated by reaction tempera-
tures, and carrier and feedstock gas concentrations and flow
rates.

[0075] In some embodiments, the CNT 1nfused substrate
can be used to form a composite material. Such composite

materials can comprise a matrix material to form a composite
with the CN'T-infused substrate. Matrix materials useful in
the present invention can include, but are not limited to, resins
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(polymers), both thermosetting and thermoplastic, metals,
ceramics, and cements. Thermosetting resins useful as matrix
materials include phthalic/maelic type polyesters, vinyl
esters, epoxies, phenolics, cyanates, bismaleimides, and
nadic end-capped polyimides (e.g., PMR-15). Thermoplastic
resins include polysuliones, polyamides, polycarbonates,
polyphenylene oxides, polysulfides, polyether ether ketones,
polyether sulfones, polyamide-imides, polyetherimides,
polyimides, polyarylates, and liquid crystalline polyester.
Metals useful as matrix materials include alloys of aluminum
such as aluminum 6061, 2024, and 713 aluminum braze.
Ceramics useful as matrix materials include carbon ceramics,
such as lithium aluminosilicate, oxides such as alumina and
mullite, nitrides such as silicon nitride, and carbides such as
silicon carbide. Cements useful as matrix materials include
carbide-base cermets (tungsten carbide, chromium carbide,
and titanium carbide), refractory cements (tungsten-thoria
and barium-carbonate-nickel), chromium-alumina, nickel-
magnesia 1ron-zircomum carbide. Any of the above-de-
scribed matrix materials can be used alone or 1n combination.

Example

[0076] This prophetic example shows how aramid fiber
material can be infused with CNTs at a low temperature 1n a
continuous process using gas preheat to target improvements
in mechanical properties, especially interfacial characteris-
tics such as shear strength.

[0077] Inthisexample, loading of shorter CN'T's on fibers 1s
targeted, where Kevlar fiber tow with a tex value of 800
(available from Du Pont of Wilmington, Del.) 1s implemented
as the fiber substrate. The individual filaments 1n this aramid
fiber tow have a diameter of approximately 17 um.

[0078] FIG. 13 depicts a tlow chart of a system 1300 for
producing CNT-infused fiber 1n accordance with the illustra-
tive embodiment of the present mvention. System 1300
includes an aramid fiber material payout and tensioner station
1302, fiber spreader station 1308, plasma treatment station
1310, coating application station 1312, air dry station 1314, a
second coating application station 1316, a second air dry
station 1318, CNT-infusion station 1320, CNT alignment
system 1322, resin bath 1324, and rotating mandrel 1330,
interrelated as shown.

[0079] Payout and tension station 1302 includes payout
bobbin 1304 and tensioner 1306. The payout bobbin delivers
aramid fiber material 1301 to the process; the fiber 1s ten-
sioned via tensioner 1306. For this example, the aramid fiber
1s processed at a linespeed of about 5 1t/muin.

[0080] Fiber material 1301 1s delivered to fiber spreader
station 1308. As this fiber 1s manufactured without sizing, a
s1Zzing removal process 1s not mcorporated as part of fiber
spreader station 1308.

[0081] Fibermaterial 1301 1s delivered to plasma treatment
station 1310. For this example, atmospheric plasma treatment
1s utilized 1n a ‘downstream’ manner from a distance of 12
mm from the spread aramid fiber material. The gaseous feed-
stock 1s comprised of oxygen in the amount of 1.1% of the
total 1nert gas flow (helium). Controlling the oxygen content
on the surface of aramid fiber material 1s an effective way of
enhancing the adherence of subsequent coatings, and 1s there-
fore desirable for enhancing mechanical properties of a ara-
mid fiber composite.

[0082] Plasma enhanced fiber 1311 1s delivered to coating
application station 1312. In this example, an 1ron oxide based
catalyst and a barrier coating material 1s combined 1nto a
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single ‘hybrid’ solution and 1s employed 1 a dip coating
configuration. The ‘hybrid” solution 1s 1-part-by-volume
‘EFH-1 ° (an 1ron oxide-based catalyst solution available
from Ferrotec Corporation of Bediord, N.H.), 5-parts ‘Accu-
glass T-11 Spin-On Glass’ (available from Honeywell Inter-
national Inc., Morristown, N.JI.), 24-parts hexane, 24-parts
1sopropyl alcohol, and 146-parts tetrahydrofuran. The benefit
of employing such a ‘hybrid’ coating 1s that 1t marginalizes
the effect of fiber degradation at high temperatures. Without
being bound by theory, it 1s believed that degradation of the
aramid fiber material 1s intensified by the sintering of catalyst
NPs at high temperatures (the same temperatures vital to the
growth of CNTs). By encapsulating each catalyst NP with 1ts
own barrier coating, 1t 1s possible to control this effect.
Because an increase 1n the mechanical properties, and not the
thermal/electrical properties, 1s being targeted, it 1s desirable
to maintain the mtegrity of the aramid fiber base-material,
therefore a ‘hybrid’ coating can be employed.

[0083] Catalyst-laden and barrier coated aramid fiber mate-
rial 1313 1s delivered to air dry station 1314 for partial curing
of the barrier coating. The air dry station sends a stream of
heated air across the entire aramid fiber spread. Temperatures

employed can be 1n the range of about 100° C. to about 350°
C

[0084] Adter air drying, the catalyst and barrier coating-
laden aramid fiber 1313 1s delivered to coating application
station 1316, which 1s the same as coating application station
1312. The same ‘hybrid’ solution 1s used (1-part-by-volume
‘EFH-1’, 5-parts ‘Accuglass T-11 Spin-On Glass’, 24-parts
hexane, 24-parts 1sopropyl alcohol, and 146-parts tetrahydro-
turan). For this example, a configuration which includes mul-
tiple coating application stations 1s utilized to optimized the
coverage of the ‘hybrid’ coating on the plasma enhanced fiber

1311.

[0085] Catalystand barrier coating-laden aramid fiber 1317
1s delivered to air dry station 1318 for partial curing of the
barrier coating, and 1s identical to air dry station 1314.

[0086] Adter air drying, catalyst and barrier coating-laden
aramid fiber 1317 1s finally advanced to CN'T-infusion station
1320. In this example, a rectangular reactor with a 12 inch
growth zone 1s used to employ CVD growth at atmospheric
pressure. A gas preheating system similar to what 1s shown in
FIG. 8 1s used to preheat growth gases to a temperature of
about 700° C. About 97.6% of the total gas flow 1s 1nert gas
(Nitrogen) and the other 2.4% 1s the carbon feedstock (acety-
lene). The growth zone 1s held at about 550° C. For the
rectangular reactor mentioned above, 550° C. 1s relatively low
growth temperature, however with the gas preheat along with
the thermal protection provided by the barrier coating, pre-
vents the high temperature degradation of the aramid fiber,
but allows for CNT growth.

[0087] CNT-infused fibers 1321 are then passed through
the CNT alignment system 1322, where a series of dies are
used to mechanically align the CNT's” axis in the direction of
cach roving. Tapered dies ending with a 0.125 inch diameter
opening 1s used to aid 1n the alignment of the CNTs.

[0088] Adfter passing through CN'T alignment system 1322,
aligned CNT-infused fibers 1323 are delivered to resin bath
1324. The resin bath contains resin for the production of a
composite material comprising the CNT-infused fiber and the
resin. This resin can include, but are not limited to, commer-
cially-available resin matrices such as polyester (e.g., ortho-
phthalic polyesters), improved polyester (e.g., 1sophthalic
polyesters), epoxy, and vinyl ester.
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[0089] Resin bath 1324 can be implemented 1n a variety of
ways, two ol which are described below. First, resin bath 1324
can be implemented as a doctor blade roller bath wherein a
polished rotating cylinder (e.g., cylinder 1325) that 1s dis-
posed 1n the bath picks up resin as 1t turns. The doctor bar (not
depicted i FIG. 13) presses against the cylinder to obtain a
precise resin film thickness on cylinder 1325 and pushes
excess resin back into the bath. As the aramid fiber roving
1323 1s pulled over the top of cylinder 1325, 1t contacts the
resin film and wets out. Alternatively, resin bath 1324 1s used
as an immersion bath wherein aramid fiber roving 723 1s
submerged into the resin and then pulled through a set of
wipers or rollers that remove excess resin.

[0090] Adfter leaving resin bath 1324, resin-wetted, CNT-
infused fibers 1323 are passed through various rings, eyelets
and, typically, a multi-pin “comb” (not depicted) that 1s dis-
posed behind a delivery head (not depicted). The comb keeps
the aramid fibers 1323 separate until they are brought together
in a single combined band on rotating mandrel 1330. The
mandrel acts as a mold for a structure requiring composites
material with improved mechanical strength.

[0091] It 1s to be understood that the above-described
embodiments are merely illustrative of the present invention
and that many vanations of the above-described embodi-
ments can be devised by those skilled in the art without
departing from the scope of the invention. For example, 1n this
Specification, numerous specific details are provided 1n order
to provide a thorough description and understanding of the
illustrative embodiments of the present invention. Those
skilled 1n the art will recognize, however, that the invention
can be practiced without one or more of those details, or with
other processes, materials, components, etc.

[0092] Furthermore, 1n some stances, well-known struc-
tures, materials, or operations are not shown or described in
detail to avoid obscuring aspects of the 1llustrative embodi-
ments. It 1s understood that the various embodiments shown
in the Figures are 1llustrative, and are not necessarily drawn to
scale. Reference throughout the specification to “one
embodiment” or “an embodiment” or “some embodiments™
means that a particular feature, structure, material, or charac-
teristic described 1n connection with the embodiment(s) 1s
included 1n at least one embodiment of the present invention,
but not necessarily all embodiments. Consequently, the
appearances of the phrase “in one embodiment,” “in an
embodiment,” or “in some embodiments™ 1n various places
throughout the Specification are not necessarily all referring,
to the same embodiment. Furthermore, the particular fea-
tures, structures, materials, or characteristics can be com-
bined 1n any suitable manner in one or more embodiments. It
1s therefore itended that such varnations be included within

the scope of the following claims and their equivalents.

What 1s claimed 1is:

1. A method for synthesizing carbon nanotubes (CNT)
comprising the steps of:

providing a growth chamber, the growth chamber being
heated to a first temperature sufficiently high to facilitate
a growth of carbon nanotubes;

passing a substrate through the growth chamber; and

introducing a feed gas into the growth chamber pre-heated
to a second temperature suificient to dissociate at least
some of the feed gas into at least free carbon radicals to
thereby 1nitiate formation of carbon nanotubes onto the
substrate.
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2. The method of claim 1 wherein the second temperature
1s higher than the first temperature.

3. The method of claim 1, further comprising controlling,
the first temperature 1n a range of from about 450° C. to about

650° C.

4. The method of claim 1, further comprising controlling
the second temperature 1n a range of from about 550° C. to
about 1000° C.

5. The method of claim 1 wherein the substrate 1s com-
prises at least one material selected from the group consisting,
ol: a carbon fiber, a graphite fiber, a cellulosic fiber, a glass
fiber, a metal fiber, a ceramic fiber, an aramid fiber, and any
combination thereof.

6. The method of claim 1 wherein the substrate 1s coated
with at least one material selected from the group consisting
of: a catalyst, and a sizing.

7. The method of claim 1, further comprising introducing,
into the growth chamber a process gas along with the feed gas.

8. The method of claim 7, wherein the process gas and the
teed gas are mixed and the mixture 1s heated to the second
temperature before introduction into the growth chamber.

9. The method of claim 8, further comprising diffusing the
heated mixture into the growth chamber.

10. The method of claim 7, wherein the feed gas 1s heated
by heating the process gas to a temperature exceeding that of
the second temperature 12, and then mixing with the feed gas
at a temperature below T2 to raise the temperature of the feed
gas to the second temperature.

11. A method for synthesizing carbon nanotubes (CNT)
comprising the steps of:

providing a growth chamber, the growth chamber being
heated to a first temperature;

passing a substrate through the growth chamber;

providing a feed gas pre-heated to a second temperature;
and

introducing mto the growth chamber the pre-heated feed
gas wheremn the second temperature i1s selected to
achieve a desired temperature profile within the growth
chamber to allow for the formation of carbon nanotubes
on the substrate.

12. The method of claim 11 wherein the second tempera-
ture 1s within about 40% of the first temperature.

13. The method of claim 11 further comprising: introduc-
ing into the growth chamber a process gas along with the feed

gas.

14. The method of claim 13, wherein the process gas and
the feed gas are mixed and the resulting mixture 1s heated to
the second temperature before introduction into the growth
chamber.

15. The method of claim 14, turther comprising diffusing
the heated mixture into the growth chamber.

16. The method of claim 13, wherein the feed gas 1s pre-
heated by pre-heating the process gas to a temperature
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exceeding that of the second temperature 12, and then mixing
with the feed gas to raise the temperature of the feed gas to the

second temperature.
17. A system for synthesizing carbon nanotubes (CNT)

comprising:

a growth chamber that receives a substrate having a catalyst
disposed thereon;

a heater for heating the growth chamber to a first tempera-
ture, the first temperature suificiently high to facilitate a
growth of carbon nanotubes on the substrate; and

a gas pre-heater that heats a feed gas to a second tempera-
ture and introduces the feed gas 1nto the growth chamber
to synthesize carbon nanotubes on the substrate.

18. The system of claim 17 wherein the second temperature
1s sullicient to dissociate at least some of the feed gas into at
least free carbon radicals.

19. The system of claim 17 wherein the second temperature
1s within about 40% of the first temperature and 1s suificient to
achieve a desired temperature profile within the growth
chamber.

20. The system of claim 17, wherein the gas pre-heater
comprises a heater external to the growth chamber that con-
trollably heats the feed gas to the second temperature.

21. The system of claim 17, wherein the gas pre-heater
comprises a heater external to the growth chamber that con-
trollably heats a process gas to a temperature exceeding the
second temperature; and a diffuser having an input for recerv-
ing the heated process gas and an input for receiving the feed
gas at a lower temperature and combining the heated process
gas and the feed gas to provide a diffused output into the
growth chamber including feed gas at the second tempera-
ture.

22. The system of claim 17, wherein the substrate com-
prises at least one material selected from the group consisting,
ol: a carbon fiber, a graphite fiber, a cellulosic fiber, a glass
fiber, a metal fiber, a ceramic fiber, an aramid fiber, and any
combination thereof.

23. The system of claim 17, further comprising a controller
for controlling one or more of the rate at which the growth
chamber recerves the substrate, the first temperature, the sec-
ond temperature, and the feed gas supply.

24. The system of claim 17, wherein the first temperature 1s
in a range ol from about 450° C. to about 650° C.

25. The method of claim 17, wherein the second tempera-
ture 1s 1 a range of from about 5350° C. to about 1000° C.

26. The system of claim 17, wherein the substrate 1s a fiber
tow having a sizing and an 1ron based catalyst thereon.

277. The system of claim 17, wherein the feed gas comprises
at least one gas selected from the group consisting of: acety-
lene, methanol, ethylene, methane, propane, benzene, and
natural gas.

28. The system of claim 21, wherein the process gas com-
prises at least one gas selected from the group consisting of:
nitrogen, hellum and argon.
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